Neural oscillations in the beta band (15-30 Hz) occur coherently throughout the primate somatomotor network, comprising somatomotor cortices, basal ganglia, thalamus, cerebellum, and spinal cord, with the latter resulting in beta oscillations in muscular activity. In accordance with the anatomy of this network, these oscillations have traditionally been associated strictly with motor function. Here we show in humans that somatosensory demands, both in anticipation and during the processing of tactile stimuli, also modulate beta oscillations throughout this network. Specifically, somatosensory demands suppress the degree to which not only cortical activity but also muscular activity oscillates in the beta band. This suppression of muscular beta oscillations by perceptual demands is specific to demands in the somatosensory modality and occurs independent of movement preparation and execution: it occurs even when no movement is required at all. This places touch perception as an important computation within this widely distributed somatomotor beta network and suggests that, at least in healthy subjects, somatosensation and action should not be considered as separable processes, not even at the level of the muscles.
Introduction
Neural oscillations in the beta band (15-30 Hz) are a defining feature of one of the most prominent networks in the primate nervous system: the somatomotor network. These oscillations occur coherently throughout this network comprising the primary somatosensory (S1) and motor (M1) cortices (Brovelli et al., 2004; Witham and Baker, 2007) , premotor cortex (Ohara et al., 2001) , basal ganglia (for review, see Jenkinson and Brown, 2011), thalamus (Marsden et al., 2000; Paradiso et al., 2004) , cerebellum (Aumann and Fetz, 2004; Soteropoulos and Baker, 2006) , and even the spinal cord (as evidenced from oscillations in muscular activity; Kilner et al., 2004 .
In agreement with the anatomy of this network, this type of neural activity has traditionally been considered in relation to motor functions such as the preparation and execution of movement (when beta oscillations are suppressed; Pfurtscheller and Lopes da Silva, 1999; Paradiso et al., 2004) , holding of posture (when beta oscillations are pronounced; Gilbertson et al., 2005) , and the integration of proprioception with action plans during movement . At the same time, evidence has accumulated that beta oscillations recorded over the contralateral primary somatomotor cortex are also related to touch perception. Most prominently, several groups have shown that the amplitude of these oscillations is related to tactile perception, with lower prestimulus (Jones et al., 2010; van Ede et al., 2012a) and poststimulus (Palva et al., 2005) amplitudes being associated with higher detection performance. Moreover, and in accordance with this relation, these oscillations are suppressed over the contralateral primary somatomotor cortex by somatosensory demands, which occurs both in anticipation (Jones et al., 2010; van Ede et al., 2011; Bauer et al., 2012) and during the processing of tactile stimuli (Chatrian et al., 1959; Cheyne et al., 2003; van Ede et al., 2011) .
An important question pertains to whether these beta oscillations that are relevant for tactile perception are actually part of the large-scale coherent somatomotor network that has traditionally been studied only in the context of motor tasks. Based on the interareal coupling of these oscillations (Baker et al., 1997; Brovelli et al., 2004) , we hypothesize that if this is the case, then beta modulations associated with somatosensory demands should also be observed in motor parts of the network.
To address this, we investigated beta oscillations in muscular activity while human participants performed cued somatosensory identification and detection tasks. In these tasks, cortical beta oscillations are suppressed both in anticipation of and during the processing of tactile stimuli (van Ede et al., 2011 (van Ede et al., , 2012a . We here report highly similar modulations of beta oscillations in muscular activity, even when no movement is required at all. This confirms that the beta oscillations that are modulated by somatosensory demands are part of the larger somatomotor network, placing touch perception as an important computation within this network. In addition, these data suggest that neural activity in populations involved in somatosensation do not occur independently from those involved in action, not even at the level of the muscles.
Materials and Methods
We analyzed electromyographic (EMG) activity from three experiments in which participants anticipated left-or right-hand tactile stimuli while magnetoencephalography (MEG) and EMG were recorded. The MEG results of these experiments have previously been reported, together with detailed descriptions of the employed materials and methods (Experi-ment 1: van Ede et al., 2011; Experiment 2: van Ede et al., 2012b; Experiment 3: van Ede et al., 2012a) . We here reiterate those elements that are essential for understanding the results presented in this article. Next to these three experiments, we ran a fourth control experiment in which we only recorded EMG (see Follow-up control experiment).
Participants. Twenty, 19, and 14 healthy subjects (27 males; age range 19 -49 years) participated in the three experiments, respectively. Four participants were excluded due to chance-level performance. Experiments were conducted in accordance with guidelines of the local ethics committee (Committee on Research Involving Human Subjects, Region Arnhem-Nijmegen, The Netherlands).
Paradigm. Our main analysis involved the data of Experiment 1 because this experiment contained the largest set of data (both in terms of number of subjects and usable trials) and employed the cleanest stimulation protocol (a single suprathreshold tap to all fingertips of a single hand). In Experiment 1, subjects performed a cued somatosensory identification task. An auditory cue instructed subjects to orient their attention to their left or right hand. At the cued hand, a tactile target would occur 1, 2, or 3 s later. The cue was presented binaurally with the pitch of the cue (500/1000 Hz), indicating the side of the upcoming tactile stimulus. Moreover, the association between pitch and stimulus side was counterbalanced across participants. Because our main analyses focused on lateralized modulations relative to (anticipated) target side, our results can be explained neither by sensory processing of the cue nor by its potentially arousing effect. The tactile target consisted of a stimulation of all fingertips of the cued hand at either proximal or distal sites. We used Braille cells for tactile stimulation (for details, see van Ede et al., 2011) . Subjects indicated whether the stimulus was perceived as proximal or distal by pressing a button with the left or right thumb, respectively. On average, subjects responded 1008 Ϯ 349 ms after the stimulus.
Crucially, somatosensory demands were independent of response demands because left-and right-hand button presses were equally often required for targets on either hand. This is because the response side depended on the perceived pattern of the stimulus, not its side. Because both patterns (proximal and distal) occurred equally often on either hand, the stimulus side was independent of the required response side. Note that this also holds for the cued side, because the cue predicted the side of the stimulus, not its pattern. Importantly, we also observed this independence in our behavioral data: on average, side-congruent responses (same stimulus and response sides) occurred neither more frequently (proportion of congruent responses: 0.49 Ϯ 0.01, denoting mean Ϯ 1 SEM; t (19) ϭ Ϫ1.02; p ϭ 0.322) nor faster (congruent: 1079 Ϯ 71, incongruent: 983 Ϯ 64 ms; t (19) ϭ 1.65; p ϭ 0.116) than sideincongruent responses. We did note significant biases for some subjects toward either congruent or incongruent responses (as assessed by subject-specific 2 tests). However, these biases occurred in both directions: some subjects were biased toward congruent responses, while others were biased toward incongruent responses, and hence we did not observe any bias on average. Moreover, these subject-specific biases did not predict the effect of interest, the muscular beta-band modulation. More precisely, neither the subject-specific proportion of congruent responses nor the subject-specific 2 statistic correlated with the size of this effect (in both cases, r Ͻ 0.25, p Ͼ 0.3).
This spatial independence between stimulus and response sides implies that EMG activity that lateralized according to (anticipated) stimulus side (see Fig. 2 ) cannot be due to response preparation or execution. We thus deliberately focused our analysis on lateralized EMG activity. In addition to this important aspect of our data, we also (1) directly investigated the effect of any potential response bias (by separating trials by their relation between stimulus and response sides) and (2) ran a control experiment in which we removed the motor response from the trial (see Follow-up control experiment).
EMG recording and analysis. Bipolar surface EMG was recorded from the flexors of the forearms by means of two pairs of Ag/AgCl electrodes. Both pairs were placed on the insides of the forearms. Per pair, one electrode was placed ϳ5 cm proximal to the wrist and another was placed ϳ5 cm distal to the inner tendon of the elbow. This resulted in an electrode placement with an interelectrode distance of ϳ20 cm. This interelectrode distance is much larger than the distances that are typically used to measure digit-specific EMG. In fact, this electrode placement was chosen because we were interested in the digit nonspecific EMG. In our experiments, investigating covert somatosensory attention, we were interested in such a global measure because the movement of any of the fingers would be considered a motor confound.
Data were analyzed using FieldTrip (Oostenveld et al., 2011) . All analyses were done on mean-corrected EMG.
First, we analyzed the frequency content of the EMG traces, as well as their coherence with the cortical activity recorded with MEG ( Fig. 1 ). For this, we divided our dataset into consecutive epochs of 2 s (regardless of experimental conditions) and applied conventional Fourier analysis in combination with multitapering. Multitapering allows control over spectral smoothing (Percival and Walden, 1993) , and for these analyses we applied 4 Hz smoothing. For the analysis of corticomuscular coherence (i.e., coherence between MEG and EMG; Fig. 1C ), we used previously selected MEG channels above left and right primary somatomotor cortices (van Ede et al., 2011) . MEG channels above left and right sensorimotor cortices were selected based on stimulusinduced responses to left and right tactile stimuli. Specifically, we contrasted left and right stimuli (right-left) with respect to beta-band amplitude between 100 and 300 ms poststimulus, and selected the 15 channels with the lowest (highest) value, which were found on the left (right) somatomotor cortex; see also van Ede et al., 2011) .
Second, we investigated lateralized modulations in EMG activity as a function of (anticipated) stimulus and response sides (Figs. 2, 3, 4) . We contrasted trials in which the (anticipated) stimulus or response side was ipsilateral to the arm from which the EMG was recorded with those trials in which this event occurred contralateral to the recorded EMG. We expressed this contrast as a percentage change: [((ipsilateral Ϫ contralateral)/contralateral) ϫ 100]. We did this separately for left and right EMG, and pooled the percentages. (Note that these contrasts are analogous to the previously reported cortical modulations, which were calculated by contrasting activity in MEG channels above left and right primary somatomotor cortices between contralateral and ipsilateral anticipation and stimulation; van Ede et al., 2011). We calculated this contrast for two measures: (1) time-and frequency-resolved power; and (2) high-passfiltered (40 Hz cutoff) and subsequently rectified EMG activity (as an index of muscle tone/contraction). Time-resolved oscillatory power (measure 1) was estimated using a sliding time window of 300 ms that was advanced in steps of 25 ms (analogous to the analysis of the cortical MEG data). Statistical significance was evaluated for beta (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) power lateralization by means of a cluster-based permutation test (Maris and Oostenveld, 2007) in which temporally adjacent thresholded data points were clustered and evaluated under a single permutation distribution (thereby controlling the false-positive rate).
Third, we calculated trial-by-trial correlations between cortical and muscular beta lateralization ( Fig. 5 ). We focused on the anticipatory modulations over the 400 -1000 ms window after the cue, because the anticipatory modulation is most pronounced in this time window ( Fig. 2A ). Per trial, we calculated the normalized difference between the left (L) and right (R) recording sites: for cortical lateralization, we calculated [(R Ϫ L)/(R ϩ L)] and for muscular lateralization we calculated [(L Ϫ R)/(LϩR)]. Separately for left-and right-cued trials, we sorted the trials according to cortical lateralization and placed them into five consecutive bins. For each bin, we then calculated both the average cortical and the average muscular lateralization. Binned data were then averaged across subjects.
Fourth, we calculated the Pearson correlation across subjects between, on the one hand, the muscular lateralization measure, and on the other hand, the cortical lateralization measure and the corticomuscular coherence ( Fig. 6 ). Similarly, we calculated the correlation between, on the one hand, the level of background muscle tone, and on the other hand, the cortical and muscular lateralization measures ( Fig. 7C,D) . As a measure of background muscle tone, we averaged amplitudes across all frequencies of the calculated power spectra (see step 1 above). For the two correlations with muscle tone, we also evaluated their difference by means of the Hotelling-Williams test for the difference between two dependent correlations (Williams, 1959) . For these correlation analyses, we included data from all three experiments. We again focused on the lateralization measures calculated over the last 600 ms before the anticipated stimulus (i.e., 400 -1000 ms postcue in Experiments 1 and 2; 900 -1500 ms postcue in Experiment 3). Note that in Experiment 2 we had presented stimuli at variable cue-target intervals between 0 and 1000 ms. Despite this, we were able to obtain a stimulus-uncontaminated measure of the anticipatory modulation. To achieve this, we calculated timeresolved beta power between 0 and 1000 ms postcue, using a sliding time window of 300 ms. For every trial, we only used estimates from time bins that occurred before the stimulus. For example, if the stimulus occurred at 800 ms postcue, the last time bin from which we used the data was between 500 and 800 ms, and data from later time bins were omitted. For every time bin, we first averaged data across trials, and then also across the time bins that showed anticipatory activity (i.e., the bins from 400 ms postcue onward). Because the time bins never included the stimulus, this resulted in a stimulus-uncontaminated measure of the anticipatory activity. We could estimate anticipatory activity up to 1000 ms, because we had also included catch trials in which no stimuli followed the cue. Because these lateralization measures (muscular: ipsilateral Ϫ contralateral; cortical: contralateral Ϫ ipsilateral) have negative values (due to a stronger ipsilateralmuscular and contralateral-cortical suppression), we inverted the contrasted values to express the modulation strengths as a positive number.
Differences between experiments. There are two important differences among the three experiments that are considered here. The first difference concerns stimulation protocols. In Experiments 1 and 2, mechanical tactile stimuli were applied to all fingers of one hand, while in Experiment 3 threshold electrical stimuli were applied to the thumb. For this reason, we did not compare stimulus-induced beta modulations across experiments. The second important difference concerns bodily postures. In Experiment 1, participants lay in the MEG (which was put into supine position) with their arms stretched out to grasp our Braille stimulators (for a depiction of one such stimulator, see van Ede et al., 2011, their Supplementary Fig. 1 ). In Experiment 2, the same Braille stimulators were used, but a subset of participants was recorded while seated. Finally, in Experiment 3, subjects sat while resting their arms on the MEG chair's arm rests, and stimulation electrodes were taped to the thumbs. These different body postures are important when considering the reported differences in background muscle tone ( Fig. 7) .
Follow-up control experiment. In a follow-up experiment, we addressed two remaining questions. First, we investigated whether the observed EMG modulation by sensory demands is specific to demands in the somatosensory modality. Second, we investigated whether this modulation also occurs when no motor response is required at the end of a trial. To this end, we asked seven subjects (five males; age range, 27-51 years) who previously showed this modulation, to return to the laboratory for a follow-up experiment. In this experiment, we only recorded EMG and used the same electrode placement as described above.
The experiment consisted of two cued detection tasks, one in the somatosensory modality and one in the visual modality. In both tasks, we presented auditory cues (the same cues that were used in Experiment 1) that instructed subjects to orient their attention to either the left or the right side (in the case of the tactile task, the left or right hand; in the case of the visual task, the left or right side of the screen). One second after this cue, a stimulus occurred with probability 0.5 at the cued location, and the subjects' task was to judge whether or not they felt (tactile blocks) or saw (visual blocks) a stimulus. Tactile stimuli were applied for 1 ms to the left or right median nerve using either of two constant-current stimulators (type DS7A, Digitimer) that were taped to the body. Visual stimuli were presented for a single frame (16.7 ms) on the left or right side of the screen, and consisted of filled white circles with a diameter of ϳ1 cm. Before the experiment, intensities of the stimuli (respectively, the electrical current and the visual contrast) were adjusted to a level where the stimuli were just above perceptual threshold (based on verbal report). Tactile and visual blocks (each containing 10 trials) were randomly interleaved. The relevant modality was indicated to the subject by means of the text "tactile task" or "visual task" that remained on the screen throughout the block.
In this control experiment, the trials did not include a motor response. Instead, subjects had to count the number of stimuli presented within a block (which ranged from 0 to 10) and to report this number verbally only at the end of each block. Tasks were equated on difficulty: on average, subjects reported the number of presented stimuli correctly in 56.28 Ϯ 2.56% (visual) and 51.75 Ϯ 3.92% (tactile) of the blocks. The average absolute deviations from the correct numbers were, respectively, 0.83 Ϯ 0.15% and 0.82 Ϯ 0.13%.
Before running this follow-up experiment, we had observed that the EMG modulation of interest requires the presence of background muscle activity ( Fig. 7) . To achieve this in our control experiment, we asked subjects to hold up a tube (1000 cm wide, 7 cm diameter, 956 g) throughout the experiment. Subjects were in seated position, rested their elbows on the chair, and lifted the tube with both hands (palms facing upward). Importantly, this motor engagement does not induce a confound in our results because the tube was held up in the same way regardless of the anticipated side and regardless of the modality of the block (see also Fig. 8D ). Our analyses focused on the difference in activity between ipsilateral and contralateral anticipation and the difference between tactile and visual blocks.
Results
Cortex and muscle couple at beta frequency Throughout the cued tactile identification task (see Materials and Methods), muscle activity recorded at the flexors of the forearms showed rhythmic activity in the beta range (15-30 Hz; denoted "muscular beta oscillations"). Figure 1A depicts an example EMG trace showing these oscillations. These oscillations were observed in the majority of our subjects as revealed by the grand average EMG power spectrum (Fig. 1B) . Moreover, these oscillations were coherent with those recorded above contralateral primary somatomotor cortex (Fig. 1C,D) . These observations are consistent with a large body of literature in which this type of activity has been investigated during steady contraction in the context of motor tasks (Baker et al., 1997; Salenius et al., 1997; Schoffelen et al., 2005) .
Muscular beta oscillations are suppressed by strictly somatosensory demands
We investigated EMG activity that lateralized in anticipation of ( Fig. 2A) and during the sensory processing of ( Fig. 2B) a tactile stimulus to the left or right hand. In several previous reports, we and others have documented that such lateralized tactile anticipation and stimulus processing involve an accordingly lateralized modulation of cortical alpha and beta oscillations (see introduction). Because of the coupling between cortical and muscular beta oscillations (Fig. 1C,D) , it is conceivable that the muscular beta oscillations are similarly modulated. Precisely this can be observed in the time-frequency representations of the difference in power between ipsilateral and contralateral EMG (Fig. 2, top Supplementary Fig. 5A ). Time-resolved power differences for the beta band (15-30 Hz; middle panels) reveal the robustness of these modulations (shading represents Ϯ 1 SEM; p values indicate the significance of the temporal clusters; see Materials and Methods). We further assessed whether this lateralization was constituted by an ipsilateral decrease or a contralateral increase by investigating the temporal development of the anticipatory modulation ( Fig. 2 A, middle) separately for ipsilateral and contralateral EMG. As we observed in cortex (van Ede et al., 2011) , the lateralization results from a suppression of beta oscillations in populations representing the task-relevant hand: muscular beta-power ipsilateral to the anticipated stimulus decreases with time after cue (r ϭ Ϫ0.69 Ϯ 0.08; t (19) ϭ Ϫ8.52, p Ͻ 0.001). See also Figure 8D for the ipsilateral nature of this modulation.
The muscular beta modulation is independent of movement preparation and execution Several aspects rule out movement preparation and execution as possible explanations for the observed muscular beta modula-tions. First, in our task (anticipated) stimulus and response sides were spatially uncorrelated, both in design and in response behavior (see Materials and Methods). The lateralized modulations with respect to the stimulus side (Fig. 2) can therefore not be attributed to response preparation and execution. We could further show this in our data. For this, we focused on the anticipatory modulation and used the following logic: if this modulation is due to response preparation, then the lateralized pattern observed in Figure 2A should reverse between trials in which the stimulus is followed by a response on the same versus the opposite side. In contrast, we observed a highly similar anticipatory modulation between these two sets of trials (Fig. 3) . This directly shows that the lateralization relative to the anticipated stimulus side cannot be attributed to response preparation. Moreover, as we will show later ( Fig. 8) , this anticipatory modulation also occurs when no response is required at all. In addition to this analysis, we also directly investigated EMG activity that lateralized according to response side (Fig. 4) . This pattern of EMG activity looks fundamentally different from the pattern associated with tactile anticipation and stimulus processing: it is of opposite sign, occurs in all frequencies, and is more than an order of magnitude larger.
Finally, our observations can also not be attributed to non-response-related movement during anticipation and processing of the tactile stimuli. This is evidenced by the lack of modulation in muscle tone (bottom panels Fig. 2 ; compare with the massive increase during actual motor behavior in Fig.  4 ). Thus, while somatosensory demands reduce the degree to which muscular output oscillates in the beta range, they leave overall muscle output (as indexed by rectified, high-pass-filtered, EMG activity) unaltered. The modulation presented here can therefore not be explained by (preparation of) movement of the fingers during tactile anticipation and stimulus processing. Rather, as we will show below, it likely occurs as a consequence of the cortical, somatosensory-related modulation that propagates through the somatomotor network.
The muscular beta modulation reflects a spillover of the cortical beta modulation onto the muscles
If the muscular beta modulation reflects a spillover of the cortical modulation onto the muscles, then it is expected (1) to correlate with the cortical modulation on a Supplementary Fig. 5A, respectively) . Middle, Time courses of these contrasts for extracted beta-band power. Solid gray lines indicate significant clusters (see Materials and Methods). Dotted gray lines indicate the null hypothesis of no difference between contralateral and ipsilateral EMG. Bottom, Changes in muscle tone (high-pass-filtered and rectified EMG). Blue shadings represent Ϯ 1 SEM. Data are from Experiment 1.
trial-by-trial basis, (2) to correlate with the strength of the cortical modulation across subjects, and (3) to scale with corticomuscular coherence. We assessed these predictions with regard to the anticipatory modulation ( Fig. 2A ) (see Materials and Methods). Figure 5A shows the trial-by-trial relation between cortical and muscular states (as indexed by beta power lateralization) in anticipation of left and right tactile stimuli (note that we binned data to allow averaging across participants). Clearly, a strong correlation exists between cortical and muscular states. For example, when cortex is in a state of "left anticipation" (i.e., when beta power is lower in right compared with left MEG), so are the muscles (i.e., when beta power is lower in left compared with right EMG). This correlation is highly robust across subjects: for the binned data, this correlation was r ϭ 0.74 Ϯ 0.07 (t (19) ϭ 10.81, p Ͻ 0.001). Moreover, as predicted, this subject-specific across-trial correlation was stronger for subjects with a higher corticomuscular coherence (r ϭ 0.64; p Ͻ 0.01). Furthermore, analogous to the pattern of corticomuscular coherence (Fig.  1C,D) , this across-trial correlation between cortical and muscular power was specific to the beta band ( Fig. 5B ) and to channels above the contralateral primary sensorimotor cortices (Fig. 5C ).
We also assessed the relation between the cortical and muscular modulations across subjects. For this, we combined data from three experiments, all in which lateralized tactile stimuli were anticipated while MEG and EMG were recorded (see Materials and Methods). As depicted in Figure 6 , the strength of the muscular modulation correlated with the strengths of both the cortical modulation (Fig. 6A ) and the corticomuscular coherence (Fig. 6B) . These correlations remained significant, even when controlling for the factor "experiment" (i.e., when we subtracted the mean values per experiment from all the observations in that experiment before calculating these correlations; r ϭ 0.46, p Ͻ 0.001 and r ϭ 0.44, p Ͻ 0.005, respectively). At the same time, we also noted an interesting difference among the three experiments that we further explore below.
The muscular beta modulation is gated by factors determining background muscle tone
The three experiments differed drastically in absolute levels of EMG activity ( Fig. 7A; F (2,46) ϭ 4.3, p Ͻ 0.05), likely due to different postural positions across the experiments (see Materials and Methods). This allowed us to investigate to what extent both the cortical and the muscular modulations depend on background muscle tone. In contrast to the cortical modulation, the muscular beta modulation strongly depends on background muscle tone (Fig. 7B ). In fact, in the experiment in which very little EMG power was observed, we did not observe an anticipatory modulation of muscular beta oscillations ( p Ͼ 0.1), despite a robust cortical modulation. The relation of background muscle tone with the strength of the muscular beta modulation (and likewise, the absence of this relation with the cortical beta modulation) was also revealed by a correlation analysis across subjects (Fig. 7C,D) . A significant correlation with background muscle tone was observed only for the muscular modulation (r muscle ϭ 0.448, p ϭ Ͻ 0.05; r cortex ϭ 0.107, p Ͼ 0.45). Completely in line with this observation, the correlation with the muscular modulation was significantly larger than the one with the cortical modulation (t (46) ϭ 2.4, p Ͻ 0.05). Together, these data show that the hypothesized propagation from cortex to muscle is gated by factors determining background muscle tone.
The modulation of muscular beta oscillations by sensory demands is specific to the somatosensory modality and does not require a motor response in the trial
In a follow-up control experiment (see Materials and Methods) we addressed whether the muscular beta modulation by sensory demands is specific to the somatosensory modality. To this end, we recorded EMG activity while subjects anticipated either an upcoming tactile or an upcoming visual stimulus. As before, we calculated the lateralized difference in EMG activity as a function of anticipated stimulus side (left hand, right hand, or visual field, respectively). As is evident from Figure 8A -C, the modulation is specific to the somatosensory modality (tactile: t (6) ϭ Ϫ2.89, p Ͻ 0.05; visual: t (6) ϭ Ϫ0.11, p Ͼ 0.9; tactile minus visual: t (6) ϭ Ϫ3.45, p Ͻ 0.05). Importantly, this difference cannot be explained by differences in overall muscle tone between the visual and tactile tasks: the overall power in the EMG was highly similar (t (6) ϭ Ϫ1.30, p Ͼ 0.2) between our tactile and visual detection tasks (Fig. 8D) . In fact, the only aspect with respect to which the power spectra differ, concerns our effect of interest: a selective attenuation in the beta band, only in EMG recordings ipsilateral to the anticipated stimulus, and only during tactile anticipation (Fig. 8D ).
In this control experiment, the subjects did not have to give a motor response at the end of the trial (see Materials and Methods). Crucially, this did not alleviate the modulation of muscular beta oscillations. These data thus further strengthen the notion that the reported modulation of muscular beta oscillations can occur independent of motor demands.
Discussion
We observed that the previously documented cortical modulation of beta oscillations by somatosensory demands-in anticipation of and during the processing of tactile stimuli-also manifests itself in oscillatory patterns of muscular activity, independent of movement preparation and execution. This implies that these somatosensory-relevant beta oscillations are part of the large-scale somatomotor network, placing touch perception as an important computation in this network. In addition, these data suggest that, despite specific behavioral demands, it might not be possible to engage populations involved in somatosensation and action independently, not even at the level of the muscles.
The observed muscular beta modulation is likely explained by propagation of this modulation along anatomical pathways from primary somatomotor cortex to muscle. For example, this might occur from S1 (where it is required in our task) to M1 (Brovelli et al., 2004) and then via pyramidal tract neurons to alpha-motor neurons in the spinal cord, regulating muscular output. Alternatively, this might also occur through direct efferent pathways that exist between S1 and the spinal cord (Coulter and Jones, 1977; Matyas et al., 2010) . Indeed, three observations suggest that the cortical (van Ede et al., 2011) and muscular (present article) modulations represent the same modulation occurring in the distinct populations within the network: the cortical and muscular modulations (1) have highly similar modulation profiles, (2) are both constituted by a suppression within the populations related to the task-relevant hand, and (3) are highly correlated, both across trials and participants. In addition to the cortical requirements of our task, the cortical origin of the beta modulation is also confirmed by the fact that only the muscular modulation depends on muscle tone. In fact, if the muscular modulation would drive the cortical modulation, a similar dependency should be observed in cortex. We thus propose that the Figure 5 . Cortical state predicts muscular state on a trial-by-trial basis. A, Data points represent normalized lateralization indices that were binned according to cortical lateralization in the last 600 ms before the anticipated tactile stimulus (400 -1000 ms postcue, the time window in which this modulation is most pronounced; Fig. 2A ). This was done for both left-and right-hand tactile anticipation; see cueing conditions). Error bars represent Ϯ 1 SEM. Neural state left anticipation is defined by lower power for right compared with left primary somatomotor cortices together with lower power for left compared with right EMG (vice versa for neural state "right anticipation"). B, Frequency spectrum of the trial-by-trial correlation between cortical and muscular lateralization. Blue and red lines represent left and right cued trials, respectively. Shadings represent Ϯ 1 SEM. C, Topographies of the trial-by-trialcorrelationbetweencorticalandmuscularbetapower,separatelyfortheleftandrightEMG.DataarefromExperiment1. Figure 6 . Strength of muscular beta modulation depends on strength of cortical modulation and corticomuscular coupling. A, Correlation between strengths (see Materials and Methods) of the cortical and muscular beta modulations in anticipation of a lateralized tactile stimulus (compare with Fig. 2A ). Data points represent individual participants. Data are shown from three experiments (n ϭ 20, 17, and 12, respectively). For all experiments, beta power was estimated over the last 600 ms before the anticipated stimulus (400 -1000 ms postcue for Experiments 1 and 2; 900 -1500 ms postcue for Experiment 3). B, Identical to A, except corticomuscular coherence is plotted as the predictor. muscular beta modulation reflects a spillover from cortex to muscles along descending anatomical pathways. Considering this hypothesis, two points must be clarified. First, the somatosensory nature of our task does not necessarily imply that the modulation is also initiated in S1. In fact, it might also be initiated elsewhere in the network and propagate to S1 to assist tactile processing. Second, in contrast to this propagation profile for the modulation of beta oscillations, their generation might involve a more complex interplay between descending and ascending corticospinal pathways .
A critical feature of the muscular beta modulation reported here is the absence of a concurrent change in muscle tone (i.e., muscle contraction). However, this observation by itself does not preclude a motor account of our data. For example, there is ample evidence (Pfurtscheller and Neuper, 1997; Miller et al., 2010) that processes such as motor preparation, motor imagery, and motor intent (all processes without motor output) also modulate cortical beta oscillations. (To our knowledge, this has not yet been established at the muscular level.) Crucially, we also argue that these processes cannot account for our observations. Considering movement preparation, the muscular modulation occurred regardless of movement side (Fig. 3) and occurred even when no response was required at all (Fig. 8) . Considering imagery or intent, it is unlikely that participants imagined or intended moving their hand, as this would not help them in the perceptual tasks. This is most obvious in our control experiment, in which the tactile stimulator was taped to the body (Fig. 8) . We thus conclude that the muscular modulations reported here must be due strictly to somatosensory demands.
The main implication of our observations is that the somatosensory-related modulation of beta oscillations (and therefore touch perception) must be understood in relation to the large-scale somatomotor beta network. Previous studies already pointed at the interplay between beta oscillations in this network and somatosensation. On the one hand, studies showed that somatosensation might be critical to the occurrence of beta oscillations in this network:
(1) S1 drives M1 beta oscillations (in a Granger causality sense; Brovelli et al., 2004) ; and (2) coherence of muscular (Fisher et al., 2002; Kilner et al., 2004) and corticomuscular (Riddle and Baker, 2005) beta oscillations is altered by alterations in afferent (periphery to cortex) sensory processing. On the other hand, studies suggested that beta oscillations in this network might also contribute to somatosensory perception. For example, the timing of action potentials of cells in S1 (including cutaneous areas 3b and 1) can be influenced by beta oscillations recorded elsewhere in the network (M1, as shown by Witham et al., 2007) . Along the same line, recent MEG studies showed that the amplitude of beta oscillations above contralateral primary somatomotor cortex is inversely related to touch perception (Palva et al., 2005; Jones et al., 2010; van Ede et al., 2012a,b) , and is accordingly suppressed in anticipation of and during the processing of tactile stimuli (Jones et al., 2010; van Ede et al., 2010 van Ede et al., , 2011 Bauer et al., 2012 ). An important insight from the current work is that these somatosensory-relevant beta oscillations are in fact part of the largescale somatomotor beta network. This underscores the notion that touch perception is an important computation within this network, even when no movement is required. At this point, it is important to clarify that we do not want to claim that the muscular beta modulation is itself functionally relevant for tactile perception (i.e., that the muscle is doing somatosensory processing). Rather, our data provide evidence for the notion that this type of signal (beta oscillations in a large-scale coherent network), must be understood not only in relation to motor computations, but also somatosensory computations (see also Lalo et al., 2007) . While previous studies had already implicated beta oscillations in tactile perception (Jones et al., 2010; van Ede et al., 2010 van Ede et al., , 2011 van Ede et al., , 2012a , we here show that these oscillations are in fact the same as those often studied in the context of motor tasks (i.e., the beta oscillations that are visible in the EMG).
Strikingly, our data suggest that task-related modulations of neural activity do not occur independently in neural populations involved in somatosensation and action, not even when behavioral demands require their independence, as in our task. This is likely due to the fact that distinct populations in the somatomotor network are strongly interconnected. This strong interconnectedness most likely results from the high frequency with which they interact. In fact, during movement, populations involved in somatosensation and action are in a continuous dialogue: action causes somatosensation, leading to, for example, adjusted action. However, in several situations (such as in our experiments), touch perception is independent from action. The observation reported here that in such situations muscular activity is nevertheless modulated therefore reveals a constraint on the flexibility with which neural populations involved in somatosensation and action can independently modulate their activity. Put differently, our data show that, from a physiological perspective, somatosensation and action should not be considered as two fully separable processes. This conclusion is further supported by recent rodent studies implicating primary motor cortex in tactile perception (Ferezou et al., 2007) and primary somatosensory cortex in motor control (Matyas et al., 2010) . The current work demonstrates this inherent dependence between somatosensation and action in humans. In future investigations, it would be interesting to address whether this dependence persists in patients who have lost muscle control after brain or spinal cord injury.
In cortex, somatosensory demands modulate not only beta but also alpha oscillations (van Ede et al., 2011) . Moreover, in cortex these oscillations are strongly coupled: they show highly similar modulation profiles (at least during tactile anticipation), and their spontaneous fluctuations are highly correlated (van Ede et al., 2012a) . In contrast, the associated muscular modulations are restricted to the beta band. This suggests that, in primary somatomotor cortex, factors that modulate alpha oscillations also modulate beta oscillations (and vice versa). At the same time, oscillations in these two bands propagate differently throughout the somatomotor network, with only beta oscillations affecting spinal populations (note that these data do not imply that alpha oscillations do not play a role in muscular function; rather, they show that, concerning the somatosensory modulation of these oscillations, only the modulation in the beta band propagates to the muscles). As a result, spinal beta oscillations (visible in the EMG) might be modulated by beta modulations elsewhere in the network, a phenomenon of which the present work showcases one example.
Finally, our results have a practical implication by showing that, given an appropriate posture, beta oscillations in muscular activity can index the state of neural activity as it occurs elsewhere in the somatomotor network. Compared with MEG and EEG, this allows for an easier, cheaper, more mobile, and spatially more specific way of assessing the state of the somatomotor network during various tasks, both in fundamental as well as clinical research settings.
We conclude that touch perception is an important computation within the widely distributed somatomotor beta network, and that somatosensation and action should not be considered as separable processes, not even at the level of the muscles. Figure 2A . Data are from our follow-up experiment (see Materials and Methods), in which subjects did not give a motor response at the end of the trial. C, Bar graph of the lateralized beta modulation for tactile and visual anticipation. Lateralization was calculated for power in the 400 -1000 ms postcue window. Error bars represent Ϯ 1 SEM (n ϭ 7). D, Average EMG power spectra as a function of side (ipsilateral/contralateral) and modality (tactile/visual) of the anticipated stimuli. Because these power spectra were calculated over the 400 -1000 ms postcue window, they also reveal the anticipatory modulation of interest (see the attenuation in 15-30 Hz power in the ipsilateral EMG during tactile anticipation).
